The results from supplementary X-ray scattering experim ents performed at higher temperatures in the absence or presence o f Mg2+ clearly reflect the loss o f secondary structure due to m elting o f the RNA. This loss is, however, less pronounced at higher concentrations o f Mg2+.
Introduction
As a consequence o f the polyelectrolyte character o f polynucleotides their conform ation is strongly dependent on the concentration and nature of cations. In this way cations also strongly influence interactions between proteins and nucleic acids (c f e.g. [1] [2] [3] [4] [5] [6] ). The fact that Mg2+ ions are integral components o f biologically active RNAs such as tRNA, ribosomal RNA and viral RNA, and that they influence the structure and function of these RNAs has stim ulated numerous studies on the inter action between Mg2+ and RNA.
While for tRNA the mode of binding, the num ber and location of binding sites, and the influence of this binding on the secondary and tertiary structure have been cleared up [7] [8] [9] [10] [11] [12] [13] , the picture is less clear for the larger RNAs such as rRNA and viral RNA. From hydrodynam ic studies it has been made clear that the presence o f Mg2+ induces a tightening of rRNA [14] [15] [16] [17] [18] . Tight tertiary structures have also been suggested by small-angle X-ray scattering studies for the MS 2 viral RNA at ionic strength 0.1 [19] and for 16 s rRNA [20] ; based on the X-ray scattering curves, m olecular models for these larger RNAs have been proposed.
As a continuation o f our previous X-ray studies on large RNAs and in order to get further insight into the structural consequences o f the interaction of Mg2+ with these RNAs, we studied in some detail the interaction of Mg2+ with MS 2 viral RNA by applying small-angle X-ray scattering, light scat tering and analytical boundary sedimentation. While these methods are generally known to be sensitive to the tertiary structure of biopolymers, in the case of nucleic acids the small-angle X-ray technique is ad ditionally capable o f yielding valuable informations on their secondary structure too (cf. [19] [20] [21] [22] ). o f the experimental data and for the elimination of collimation and wavelength effects. The interpretation o f data was based on the well-known theory of SAXS [31] . Molecular masses were calculated by . using the values for the isopotential specific volume r'2 that were derived from the densities of dialyzed RNA solutions and the dialysis buffers as measured at 4°C by means o f a digital density meter [32] , However, a rigorous application of m ulticom ponent formalism [21, 33] was usually not possible since RNA solutions could not be dialyzed after the addition o f defined am ounts of Mg2+.
M aterials and Methods

Preparation o f the RNA solutions
The growth and purification o f bacteriophage MS 2 and subsequent isolation o f viral RNA have been described previously [23] . Special attention has been paid to the careful sterilization o f all glassware and solvents in order to avoid degradation o f the RNA by ribonucleases as much as possible. To obtain Mg2+-free RNA solutions, sufficient quantities o f N-hydroxyethylethylendiamine triacetate were added to the isolation solvents in order to remove all Mg2+ ions. Stock solutions of RNA were p re pared by dialysis against the desired buffer (0.2 m M Tris buffer pH 7.5; 0.2 m M Tris buffer pH 7.5, con taining 10 m M NaCl; 10 m M Tris buffer pH 7.5; 2 m M phosphate buffer pH 6.4, containing 1 m M NaCl). Mg2+ ions were added to Mg2+-free RNA solutions as MgCl2 from carefully prepared and con trolled stock solutions.
Small-angle X-ray scattering
Small-angle X-ray scattering (SAXS) experiments were perform ed by means o f Kratky cameras [24, 25] and X-ray tubes with copper target (A = 0.154 nm for Cu K a line). If not stated otherwise, samples were investigated at 4°C . The scattered radiation was detected by means o f a proportional counter tube in the angular range 0.85 Si 2 9 = 130 m rad (corresponding to 0.035 h = 5.3 n m -1, with h = 4 tc sin 9/X). The intensity o f the primary beam and the fraction of Cu radiation were determ ined by using a Lupolen platelet [26, 27] , A set o f com puter programs [28] [29] [30] was used for the evaluation
Light scattering
Light scattering m easurements were performed at 20 °C using a Sofica 42 000 light scattering photom e ter with non-polarized green light (A = 546 nm). The light scattering was measured in an angular range from 45° to 135° for RNA concentrations between 80 and 200 ^ig/ml. Special attention has been paid to the removal of dust particles from the solvent and the solutions under ribonuclease-free conditions. Zimm plots were used to extrapolate the experim en tal data to zero angle and zero concentration, and to determ ine the radius o f gyration R G and the molar mass M. The ÄG-values turned out to be almost in dependent of concentration. The A/-values enabled a convenient control o f the quality and homogeneity o f the RNA samples as a value of 1.2 X 106 g m ol-1 has to be expected for MS 2 RNA.
A nalytical boundary sedimentation
The sedim entation coefficients were measured in a Beckman Spinco model E analytical ultracentrifuge equipped with a photoelectron scanner and m ono chromator. All m easurements were performed at 25 °C and rotor speed between 40 000 and 45 000 rpm with RNA solutions of concentrations between 10 and 50 jig/ml. The sedimentation coefficients were corrected for the prim ary charge effect by using the relation (cf. [34, 35]) •^observed ^so lv e n t . . . . 
Hydrodynamic behaviour
Figure la shows the sedimentation coefficient ^".w as a function o f the Mg2+/phosphate ratio, for three different solvent conditions. There is a clear influence o f the solvent composition at Mg2+/phosphate ratios below 0.25, whereas at higher ratios the influence of solvent composition is much less pronounced. The increase of S2 0 .w with increasing Mg2+/phosphate ratio suggests that the RNA molecules tighten in the presence of Mg2+. Similarly, the generally higher values for ^o.w in the presence of 10 mM NaCl suggest that in this solvent the RNA molecules have a slightly more compact structure than in the ab sence o f NaCl.
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Light scattering
The experimental values obtained for the radius of gyration R G of M S2 RNA in 0.2 mM Tris buffer are plotted in Fig. 1 b versus the Mg2+/phosphate ratio (solid curve). As can be seen, the radius of gyration drastically decreases upon raising the con centration of Mg2+. This finding is qualitatively in agreement with the observed increase of S2 0 .w under the same conditions. However there is a clear discrepancy between the experimental radii of gyration and the radii of gyration of the hydrodynamically equivalent spheres (dashed curve), which can be calculated from 5 2 0 ,w by using the relation
This discrepancy suggests that the RNA molecules are of highly anisom etric shape, particularly at low Mg2+ concentration.
Small-angle X -ray scattering
The Mg2+-free RNA The scattering curve obtained for Mg2+-free RNA in 0.2 m M Tris buffer at a concentration o f about 21 m g/m l is shown in a cross-section G uinier plot in Fig. 2 (curve 1) . The curve is approxim ately linear over a wide angular range (for h >0.5 n m -1). This behaviour is indicative o f rodlike structures. The slope o f the straight line fitted to the curve in this angular range corresponds to a cross-section radius of gyration o f 0.88 nm (cited in Table I as R c2)-The intercept o f the straight line on the ordinate yields a mass per unit length o f 1820 g m ol-1 n m -1 (cited in Table I as M&); this value has been obtained by using the isopotential specific volume o f i'2 = 0.482 m l/g as determ ined from another sample of Mg2+-free RNA (see below).
As can further be seen from curve 1 of Fig. 2 , the intensity increases towards the smallest angles in such a way that it rises above the straight line drawn through the outer part of the curve. The inner portion of the curve can also be approxim ated by a straight line fairly well; the slope and intercept of this line yield a second set o f values for the crosssection radius o f gyration and for the mass per unit length (R cl = 1.95 nm, M cl = 2660 g m ol-1 n m -1; c f Table I ).
Similar plots were also obtained for the scattering curves measured at lower concentrations o f RNA. The results derived from these plots are also sum marized in Table I . In order to eliminate the obvious influence of RNA concentration on the param eters R C 1 and M c l, these param eters were additionally extrapolated to zero concentration.
While the cross-section factor at larger angles, from which R a and M a were determ ined, is un doubtedly related to the secondary structure of the Calculated from the ratio M / M c\ by assuming M = 1.2x 106 g mol-1. RNA, the cross-section factor found at the small angles obviously reflects a higher-order structure. Possibly this cross-section factor is due to the overall shape o f the RNA particle. As the existence o f a higher-order structure even in the absence o f Mg2+ might be due to the possible presence o f other cations, we tried to remove such ions by extensive dialysis o f another sample of h2 [nm '2] Fig. 3 . Cross-section G uinier plots o f X-ray scattering curves o f MS2 RNA in 0.2 mM Tris buffer (a) and 2 mM phosphate buffer (b) at various tem peratures. The vertical position of the curves is arbitrary.
Mg2+-free RNA against 0.2 m M Tris buffer. This extensively dialyzed sample was then also used for the determination o f v'2 as well as for SAXS ex periments at higher tem peratures (see below). A cross-section G uinier plot o f the scattering curve of this sample at 4°C is shown in Fig. 3 a. This curve lacks the pronounced increase of intensity towards the smallest angles. The evaluation o f the curve at larger angles (/2 > 0 .5 n m _1) yields a cross-section radius of gyration R c = 0.91 nm and a mass per unit length M c = 1510 g m ol-1 n m -1 (cf. Table II) .
The RNA at medium Mg2+ concentrations
The scattering curves obtained from m easure ments of the RNA in 0.2 m M Tris buffer at Mg2+/ phosphate ratios of 0.07, 0.14 and 0.28 were found to be similar to the curves for the Mg2+-free RNA and were evaluated in an analogous way. The results are summarized in Table I ; cross-section G uinier plots of the curves for the highest RNA concentra tions are shown in Fig. 2 (curves 2 -4 ) .
As can be seen from Fig. 2 and Table I , significant changes in the scattering behaviour o f the RNA upon addition of Mg2+ occur only in the innerm ost portion of the curves. These changes obviously reflect an increase of the cross-section radius of gyration R cl and of the corresponding mass per unit length M cl with increasing Mg2+ concentration. On the contrary, the scattering behaviour o f the RNA at large angles (/i> 0 .6 n m '1) is not affected by the presence of Mg2+ ions to a significant extent. Par ticularly the values for R a are almost the same as for Mg2+-free RNA. Estimation o f particle size
The overall radius o f gyration R G o f the RNA in the absence o f Mg2+ or at medium Mg2+ concentra tions could not be determ ined by means o f SAXS in a direct way because the corresponding portion of the scattering curve was at unaccessibly small angles. However, an indirect estimation o f R G was attempted in the following way.
Due to the cross-section factor found at small scattering angles the RNA particle may be assumed to be elongate. In this case, the ratio o f the molar mass M (assumed to be 1.2x 106 g m ol-1) and the experimentally determined mass per unit length M C 1 should yield an estimate for the length L o f the particle. By combining L with the cross-section radius of gyration R c l, an estimate for R G may be obtained according to the relation R G= R 2 cl + L 2/ \ 2 . The values for L and R G thus calculated are listed in Table I . As can be seen from the table and also from Fig. 1 b, the estimates for R G agree fairly well with the radii of gyration that were determ ined directly by light scattering measurements.
The RNA at high Mg2+ concentration A cross-section G uinier plot o f the scattering curve of one sample o f RNA to which 1 Mg2+ ion per nucleotide had been added is shown in Fig. 2 (curve 5). The course o f the curve at larger angles corresponds to values o f R a and M& which are very similar to those found at lower Mg2+ concentrations (c f Table I ). Unfortunately, this sample later on turned out to contain aggregates, probably dimers, instead o f monomeric RNA molecules. Therefore neither the parameters R cl and M cl obtained for this sample nor the parameters L and R G, which could in this case be determ ined directly from the scattering curve, can be regarded to be representative for the tertiary structure of RNA at high Mg2+ concentra tion. Nevertheless, the values for R G and R C 1 (cf- Table I ) are similar to the corresponding param eters for "native" M S2 RNA as obtained previously [19] .
Structural transitions induced by tem perature
Cross-section Guinier plots o f scattering curves obtained for Mg2+-free RNA (dialyzed extensively against 0.2 m M Tris buffer) at various tem peratures are shown in Fig. 3 a. These plots clearly reflect the occurrence o f structural transitions at elevated tem peratures. When the curves are approxim ated by straight lines as indicated in the figure, two sets of values are obtained for the cross-section radius of gyration and for the mass per unit length (c f Table II ). The drastic changes of the mass per unit length undoubtedly reflect a loss of secondary struc ture.
Similar scattering curves and results as for Mg2+-free RNA in 0.2 m M Tris buffer were also obtained for RNA in 2 m M phosphate buffer (cf. Fig. 3 b and Table II ). The mass per unit length was calculated in this case by using the value v'2 = 0.457 m l/g as determ ined previously [19] .
Measurements of RNA in 0.2 m M Tris buffer at elevated tem peratures in the presence of Mg2+ (0.14 and 0.28 Mg2+ ions added per nucleotide) did not show significant changes of the secondary-structure cross-section param eters at 40 °C or, for the higher Mg2+ concentration, even at 6 0°C. At the same tem peratures, however, the cross-section parameters related to the overall shape were significantly smaller than the corresponding values obtained at low tem perature.
Discussion and Conclusions
The investigation of MS 2 RNA in the presence of different am ounts of Mg2+ and by different methods has yielded ample informations about the influence o f Mg2+ ions on a variety o f structural parameters. While most of these param eters (viz.
^g » R-cx» M cl) are related to the tertiary structure of the RNA, the X-ray param eters R& and M a are sensi tive to the secondary structure.
According to our results, the secondary structure o f the RNA is unlikely to undergo drastic changes upon increasing the Mg2+ concentration. This con clusion is suggested by the lack of any systematic variation of R& and with the concentration of Mg2+ and by the fact that all values for R a and M& are close to the values of ^ = 0.91 nm and M a = 1690 g m ol-1 nm "1 obtained in the previous SAXS study of "native" MS 2 RNA at ionic strength 0.1 (c f [19] ). The latter value of A/c2 has been found to be consistent with a double-helix content of about 70% [36, 37] . Thus we may conclude that also at low Mg2+ concentrations and even in the absence of Mg2+ the fraction of nucleotides which are incor porated in double-helical structural elements is of similar magnitude as in the "native" RNA. The existence o f double-helical structures even in the absence o f Mg2+ has also been suggested by the results from UV and IR spectroscopy [35] .
On the contrary, the tertiary structure o f MS 2 RNA appears to be highly dependent on the Mg2 + content: All results indicate a structural transition from an extended form in the absence o f Mg2+ to a more compact form in the presence of Mg2+. An inspection o f the various structural param eters (cf. Fig. 1 and Table I ) reveals that their most pro nounced changes occur at Mg2+/phosphate ratios below 0.28, whereas the additional changes occurring up to high Mg2+/phosphate ratios or high ionic strength are com parably small (it should be noted that the value obtained for M C 1 at a Mg2+/phosphate ratio o f 1.0 is not relevant in this context because it refers to a dimer; the corresponding param eter for the "native" RNA is M cl= 18 900 g m ol-1 nm -1 [19] ). This behaviour is again in good accord with the results from UV absorption [35] which reflected significant increases in base-pairing at Mg2+/phosphate ratios below 0.25 and only smaller additional increases at higher Mg2+ concen trations.
A detailed analysis of the tertiary-structure crosssection param eters in connection with our previous data on the native RNA [19] is able to establish a simple model for the Mg2+ dependent structural transition from an extended form of the molecule to a more compact form. In the absence of Mg2+, MS2 RNA appears to be a rodlike, perhaps cylindrical particle of about 300 nm length. The radius o f the cross-section may be estimated from R cl to be about /• = 4.4 to 5.4 nm. The smaller radius is calculated ac cording to the relation r = R cl [/2, corresponding to a homogeneous cross-section; the larger value results from the relation r = R cl j/T, which holds for an inhomogeneous cross-section resembling a spoke-wheel. Though certainly both assumptions are oversimplifications, the latter assumption might be more realistic. It would be in fair accord with the extended form of an RNA model in which double helical segments (hairpin loops) are linked together by single stranded segments (caterpillar model, cf. [3, 38] ). On this assumption, the loops might have a mean length of about 5.4 nm.
In the presence of Mg2+ the RNA adopts a more compact configuration. According to our present results, Mg2+ causes a decrease o f the length of the RNA particle and an increase o f its cross-section. Native RNA at ionic strength 0.1 has previously been found to be an anisometric coil-like particle with a radius of gyration R q = 18.1 nm, cross-section radius of gyration Äcl = 8.43nm and thickness radius of gyration R t of about 4 nm. The axes of the particle were estimated as about 63, 31 and 14 nm [19] , A comparison o f these dimensions with those for the extended form of the RNA in the absence of Mg2+ shows a decrease of the longitudinal dim en sion o f the particle to Vs of the initial length and an increase of the lateral dimension by a factor of 3. The thickness of the "native" RNA particle appears to be larger than the cross-section diameter of the extended form by a factor less than 1.5.
It should be noted that the model for the RNA in the absence of Mg2+ can be folded in several ways to particles of similar dimensions as found for the "native" RNA, particularly when the domains of hairpin loops are allowed to overlap. This would enable contacts and interactions even between formerly distant parts of the molecule. It can bê The melting o f RNA at higher tem peratures is clearly reflected by the drastic changes o f the scat tering behaviour and structural param eters (cf. Fig. 3 and Table II In order to check whether the melting of RNA has led to the form ation of random coils the scat tering curves taken at elevated tem peratures were plotted as I (h )X h 2 vs. h. Only one curve, namely that for the RNA in phosphate buffer at 70 °C (cf. Fig. 4) , showed in this Kratky plot the behaviour characteristic of coiled chain molecules (cf. [42] ). The transition point (m arked by an arrow in the figure) corresponds to a persistence length of about 1.7 nm. Certainly this value appears to be quite small. For instance, a persistence length of 5.9 nm has previously been found for formaldehyde-denatured RNA at 60 °C [36] . On the other hand, a transition from a more extended to a tightly coiled structure could well be responsible for the observed slight increase of the mass per unit length at the highest tem perature (cf. Table II) .
